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ABSTRACT 

One of the problems encountered in determining the horizontal 
resolution of radiometers on board meteorological satellites used for 
evaluating cloud parameters from radiation data is the partial filling 
of the field of view by clouds. This is especially true when it becomes 
necessary to detect relatively small systems such as those associated 
with severe weather. Based on computer simulation of simplified model 
clouds, discussions and analyses are made of radiance and reflectance 
characteristics in order to find the most suitable field of view. Various 
scan patterns of equivalent blackbody temperqture and reflectance a re  
presented, by varying the instantaneous field of view (IFOV), the width 
of cloud bands or diameter of circular clouds to be detected, the number 
of cloucls, and some of their configurations. 

1. Introduction 

The usefplness and capabilities of meteorological satellites in detecting and 

following large-scale weather systems both from the research and operational points 

The research reported in this paper has been supported by NASA under 1 

grant NGR- 14-001 -008. 
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of view, undoubedly , have brought encouraging indications for the continuous utilization 

of these spacecraft for the better understanding and much-improved prediction of the 

weather. In the light of the various meteorological requirements that conseqpently arise 

to achieve specific purposes, certain criteria are considered in the future design of these 

satellites. 

Detection of severe stmms is an important phase in meteorological operations 

as well as research. Meteorological disturbances like hurricanes, tornadoes, and 

thunderstorms are  the most destructive of this category. 

Perhaps one unique characteristic of these phenomena that could be sensed by 

meteorological satellites is clouds overshooting from tops of cloud layers. 

Determining the presence of severe storms often involves separation of overshooting 

tops from their environment. 

overshooting tops is quite gmall, especially in the vicinity of extensive cirrus cloud 

shields, then this condition could well be associated with one of the more difficult cloud 

types to be detected by a radiometer. In this respect, if criteria could be established for 

an effective means of detecting such overshooting clouds, then the problem of detecting 

other cloud types would, comparatively, offer less difficulty, if at all. 

Considering that the effective radiance of these 

The partial coverage by clouds of a radiometer's field of view presents one 

of the problems in evaluating cloud top parameters from radiation date (Fujita, 1966). 

The smaller the field of view of a radiometer the better chances there are, on the 

whole, for measuring radiation and reflectance from cloud areas, On the other hand, the 

effect of superimposed "noise" (Fujita and Bandeen, 1965) does play an important role in 

restricting the radiometer's field of view beyond certain limits. 

This report attempts to present a further evaluation of the feasibility of 

utilizing spin scan radiometers on board geostationary meteorological satellites with 

emphasis on horizontal resolution for detection and identification of clouds associated with 

violent weather such as thunderstorms, tornadoes, hurricances , etc. In particular, this 

paper proposes two simplified model clouds; one, a circular cloud system over- 

shooting from the stratified cloud tops, and the other, a cloud band system. Computer 
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simulation is used to provide material for the discussion of radiance and reflectance 

under various conditions. 

2. Background 

For future geostationary satellites similar to the current ATS (Applications 

Technology Satellites) Fujita (1970) investigated three basic design parameters; 

horizontal resolution, picture intervals and areas, and brightness and radiance 

enhancement. The report discussed, among others, a number of significant factors 

and their effects as a basis for determining .optimum horizontal resolution contingent 

with meteorological requirements. Subsequently, a number of recommendations were 

suggested for fur ther  studies and investigations with a view to deriving additional 

information and other characteristics on this parameter. 

This study was primarily stimulated by such recommendations. 

3. The Model Clouds and Assumptions 

Two simplified model clouds a re  presented. One involves a circular 

overshooting cloud top system for radiance approximations and another a cloud band 

system for reflectance computations. 

3.1 Circular Overshooting Cloud 

The overshooting clouds from the tops of a broad cirrus base occur commonly 

among severe storm-producing systems such as thunderstorms. As a first step in 

evaluating parameters for determining a meaningful field of view for a spin scan 

infrared radiometer, this overshooting cloud system is established as a model. 

It is assumed that this cloud or system of clouds protrudes as a dome from a 

broad cirrus cloud base at approximately 13 kms with the cloud top shooting upward 

by about 2 kms (see Fig. 1). This environmental cirrus is assumed to have an 

emissivity of 100%. As viewed downwards, the horizontal plane is circular in shape. 

The dome has a cross-section the shape of a half-ellipse with the major axis as its base. 
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The diameter of the base is variable. 

Using a mean tropical atmosphere sounding (Riehl, 1954), the temperature 

a t  the base and the surrounding cirrus is assigned as 213OK (-60' C) while a t  the top it is 

201°K (-72OC). The relation between temperature change and height is taken to be linear. 

Since the detection of overshooting cloud tops requires a comparatively narrow field of 

view, beam radiation or  radiance toward the satellite radiometer would be directed 

mostly along the optical axis (NASA, 1965), For this experimental purpose, therefore, the 

relationship between equivalent blackbody temperature and effective radiance -for Nimbus 

I11 HRIR Flignt Unit F-5 (NASA, 1969) is used as a reasonably good approximation. 

3.2 , Cloud Bands 

A simplified model is proposed consisting essentially of cloud bands of varying 

widths. The lengths of these bands a re  aligned perpendicular to the direction of scan 

by the radiometer and a re  assumed infinite. The reflectance of the individual elements 

witnin the cloud is assumed to be 100% while outside values a re  nil. 

4. Simulation Procedures 

Computer simulations using these models were run through the IBM 7094 

computer facility of the University of Chicago. 

4.1 Effective Radiance, Spectral and Spatial Responses of a Radiometer 

A radiometer is characterized by spectral response, 
$A , and spatial 

response, 

by the radiometer (Fujita and Grandoso, 1967) can be written as 

#w , that filter the radiant energy being sensed by it. The total power received 

where A denotes the area of the lens: N( ,w , the spectral radiance reaching the 

sensor given as a function of X and w ; the spectral response; & , the 
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spatial response; and dw 

Within reasonable accuracy, we may approximate both responses by those given in the 

Nimbus I11 User's Guide (NASA, 1969). The spectral response, +,,is the combined effect 

of reflectivity and transmittance calculated from laboratory measurements of the optical 

components of the radiometer system. The spatial response, 

incoming radiant energy as focused on various sections of the detection surface. 

Adopting NASA's pre -flight calibration of the radiometer under laboratory conditions 

(with the use of a blackbody target where N, does not vary with w ), the right side 

of Eq. (1) can be reduced to 

, the element of solid angle as  viewed from the satellite. 

, is the effect on the 

The quantity E is called the effective radiance and represents the integrated 

radiance detected by the radiometer's sensor within its spectral response. Combining 

Eqs. (1) and (2), we obtain 

where RW dX is me elemental effective radiance within the 

radiometer's field of View. 

For computer simulation purposes, Eq.(4) is approximated in discrete form as 

where again g(x,yl is the elemental effective radiance within the radiometer's field of view, 
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is the spatial response. and +(X,Y) 

4.2 Reflectance 

The study of reflectance characteristics due to the partial coverage of clouds 

within the radiometer's field of view is carried out through a similar simulation 

process using the general form of Eq. (5) and is written as 

where 

and R(x,d 

is defined as the measured reflectance integrated by the radiometer's sensor 

the elemental reflectance of the individual element within the cloud. 

4 . 3  Design of Grid, Input and Output Values 

A rectangular mesh is used with equal distances between grid points. For 

radiance computations, circles of various diameters to simulate clouds a re  drawn with 

sufficient separation between them to insure that computed values for one cloud area 

a re  unaffected by the adjoining ones. For each grid point within a circle, a normalized 

effective radiance value (in watts per square meter per steradian) is assigned in 

relation to its height such that the center value, which correspJrts to the top of the dome, 

is always the coldest spot. For each grid point outside the circle, which is considered 

as the environment, a fixed normalized value for effective radiance is also assigned. 

This corresponds to the cloud base equivalent blackbody temperature. 

For reflectance evaluations, vertical strips of various widths representing 

cloud bands a re  likewise drawn on the grid. For each grid point within a strip, a 

reflectance value of 100% is assigned. For those points outside the strip, a zero 

percent reflectance value is set. Of course, a multitude of cloud band configurations 

can be simulated; they can be handled as  input changes and may not require program 

changes e 

The program was designed such that it would simulate a series of passes by a 
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hypothetical circular-shaped field of view over the whole length and breadth of the grid; 

decidedly a more efficient approach than running individual programs for each cloud 

configuration. In the output format, a t  each and every grid point location is indicated 

whatever integrated effective radiance or measured reflectance. values the radiometer 

senses, assuming that the center of field of view is located at this grid point and the 

system is viewing vertically downward. The field of view is fixed in diameter with 

respect to the grid size and always remains within the grid boundaries as it scans. 

The spatial response of the radiometer is approximated from the 10 to 11 

micron channel angular field of view of the Nimbus I11 User's Guide (see Fig. 2). 

The Instantaneous Field of View (IFOV) o r  half-power scan diameter ( # 
two-thirds of the maximum power scan diameter (#,,, ). 

) is 
'/2 

Analyses of isotherms (equivalent blackbody temperatures) and reflectance 

a re  performed manually on square grid scale from computer output values in order 

to preserve dimensions of all patterns for comparison purposes. 

5. Analyses and Discussion 

A radiometer measures essentially beam radiation within an angular field of 

view conventionally referred to as the IFOV, which, a t  a given altitude, corresponds 

to a subsatellite ground resolution at  the nadir, 

In view of the importance of the early detection of small cells of severe storms 

in the initial stages of development, small IFOV's a re  ideal. In the visible range of the 

electro-magnetic spectrum, Fujita (1970) has recommended a 0.10 milliradian (mr) 

o r  2 nautical mile (n. m. ) IFOV-for cloud detection of convective cells. 

the infrared region, a 0.25 m r  or 5 n.m. IFOV, however, is proposed, thereby giving 

sufficient allowance for discriminating noise interference which might show up in the 

radiometer system. 

For detection in 

5 , l  Radiance 

It might be interesting to note some characteristic configurations o r  patterns 

that might appear when single circular clouds a re  scanned by radiometers of different 
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instantaneous fields of view. Figure 3 shows one such pattern when four individual 

clouds of different diameters and their immediate surroundings are  scanned by an IFOV 

of 0.10 mr ,  while Figure 4 exhibits other patterns as  the same four clouds a re  scanned by 

a 0.27  m r  or 5 . 3 3  n.m. IFOV. To make these sets of figures readily comparable, the 

sizes of the corresponding clouds, shown as stippled areas in both diagrams, are  

reduced to the same scale. These patterns result when the radiometer, viewing 

vertically downward, makes a series of passes and completely scans an isolated 

overshooting cloud and its surrounding cirrus base one at a time. 

Analysis is made of the integrated effective radiance values, fi , whdch are  

converted to equivalent blackbody temperatures, TBB ~ As could be observed from the 

upper portions of the figures, the TB;s 

the larger IFOV integrates values over a bigger area, much of the surrounding cirrus 

is scanned with each cloud, especially those with smaller cloud diameters. 

the resulting integrated effective radiance values tend to give correspondingly higher 

temperature readings than a r e  to be expected and, therefore,fail to portray the "true" 

picture of the temperature characteristic of each cloud scanned. This conclusion becomes 

evident from the lower portions of the figures where . two sets of overlapping curves 

are drawn to indicate the temperature profile corresponding to each point of the cloud on 

the upper portion being scanned. For each cloud, the shallow curve represents the 

temperature response of the radiometer as it scans across the overshooting cloud and 

surroundings through its center, as, for example, from left to right. The deep curve, 

which is in the background, indicates the "ideal" temperature pattern of the cloud; that is, 

when it is scanned in the same manner by the radiometer with a theoretically zero IFOV. 

From these comparisons it may be generally remarked that the larger the IFOV and the 

smaller the cloud, the lesser the degree to which the radiometer response approximates 

the "true" temperature pattern. 

a r e  concentric about each cloud center. Since 

Consequently, 

Figure 5 shows the curves for the two IFOV's in Fiwres 3 and 4 drawn with the - 
cloud diameter, D, vs. detection efficiency, Ne-Nc /(Ne-Nc), as coordinates. The detec- 

tion efficiency is thus defined by the above ratio where Ne 
- 

is the elemental effective 
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radiance of the environmental cirrus cloud base; N, , the elemental effective 

radiance at the center of the single circular overshooting cloud top; and Rc 
integrated effective radiance at the center of the same cloud top. Taking into account 

the effect of the noise equivalent temperature difference, NEAT , from data given by 

Alishouse at 200°K and 100 rpm spacecraft rotation, detection of individual clouds by a 

0.27 m r  IFOV for the infrared sensing radiometer becomes possible only when the 

diameters are at least three miles. Especially for the 0.27 IFOV curve, this diagram 

might suggest the feasibility of estimating with some reliability the diameters of single 

circular clouds from detection efficiencies, particularly in the 3- to 8 -mile cloud 

diameter range. 

readings (normalized values) alongside the 

ture equivalent in degre es C of the effective radiance measurements 

- 
, the 

The vertical scales to the right of the figure shows the ne-& 
AT scale which corresponds to the tempera- 

- 
Ne -Nc . 

Some aspects and configurations in multi-cloud systems of overshooting cloud 

tops might also be worth noting. When a circular overshooting cloud exists near 

another, or when several clouds are grouped in 8 cluster, and are scanned by a 

radiometer, a certain degree of interaction takes place between them and the 

surrounding areas when they are  certain distances apart. 

Patterns of measured temperatures fo r  twin circular clouds each of 4-mile 

diameter as scanned by an IFOV of 0 .27  m r  tracing a path across the clouds centers 

are  shown in Figure 6. Again, stippled circles indicate the top view of the clouds in 

the various stages of separation. Surrounding them are  closed isotherms or 

(equivalent blackbody temperature) lines. 'Analysis is  performed after superimposing 

individual cloud patterns from the output format in accordance with the configuration 

desired and adding corresponding grid point values. When clouds are  close together 

(edge-to-edge), isotherms do not betray the existence of two distinct cloud tops but 

rather indicate a form somewhat similar to an elliptical mound. As the clouds are  

separated farther, the isotherms tend to become concentric around each cloud until a point 

is reached at which each cloud attains the characteristics of a single four-mile diameter 

circular cloud as represented in Figure 4. Below each isotherm pattern in Figure 6 are  

TBB 
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drawn the respective temperature profiles, the shallow curve represents the radiometer 

response curve while the other curve indicates a theoretically zero IFOV scan profile 

as  the radiometer makes a pass across the center of the twin clouds. As is suggested 

by this figure, one direct method of estimating the degree of separation between twin 

clouds is to determine twin cloud AN or  TCAN defined as 

- 
where NC 
integrated effective radiance a t  the midpoint between the clouds. The lower portion 

of Fig. 7 shows the curves for & and !M for non-normalized values. The upper 

portion represents TCAN where positive values indicate that no separation is possible 

while negative values indicate that detection of separation becomes apparent. Theoretically, 

this would occur when the clouds are  at  least one mile apart; that is, not considering 

the effect of NEAT . If such is considered and since the relation between effective 

radiance and equivalent blackbody temperature has been establisned for this model, 

individual clouds should be separated no less than three miles apart in order that they 

can be individually detected. The magnitude of TCAN roughly indicates the distance 

of separation between these clouds. Beyond six miles separation, the twin clouds are  

detected as single circular clouds 

is the integrated effective radiance at the cloud center and RM is the 

- 

Figures 8 and 9 show the isotnerm (Tsa) patterns of three, and four circular 

cloud clusters, respectively. Each cloud is shown stippled and has a diameter of four 

miles. These multi-cloud clusters a re  scanned by a 0.27 m r  IFOV. Analyses a re  

accomplished by the method of graphical addition (Saucier, 1955) of the integrated 

effective radiance of each individual cloud and later converted to equivalent blackbody 

temperatures. In both figures, three configurations are  shown, when they are  closest 

together without cloud overlap (edge-to-edge), when each cloud is two miles away from 

the nearest one, and finally when four miles away from the nearest one. It is noticeable 

that multi-cloud clusters brought together edge-to-edge exhibit concentric isotherm 

patterns similar to that of a single circular cloud but of different configurations. Again, 
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as the cloilds become separated beyond six miles, the patterns become those of 

individual circular clouds. 

(For the basic concepts and more relevant discussion on radiance as  it pertains 

to horizontal resolution, refer to SMRP Report No. 84 by Fujita (1970)). 

5.2 Reflectance 

The effects of the partial filling of the radiometer's field of view on cloud 

reflectance characteris tics should also be understood and appreciated to derive 

more meaningful interpretation of satellite radiation data. To a large extent, the 

behavior is similar to that which influences radiance. 

When a one-mile-wide cloud band is scanned by a radiometer with different 

fields of view, the relative sizes of the reflectance patterns are shown on the upper 

portion of Fig. 10. The stippled areas indicate the cloud bands, each one mile wide, 

and drawn to the same scale. 

reflectance values in percent (%) as analyzed from the output values. It is recalled that 

these values reSult as  the radiometer scans the cloud band and its surroundings in a 

series of passes. Inserted between the reflectance lines of the 13.33 n,m. IFOV scan 

pattern a re  two similarly shaped reflectance patterns for the smaller IFOV's. This is 

resorted to for purposes of comparison only and necessitated by limitations in space. 

Since the larger IFOV integrates values over a bigger area with a given cloud 

The arching solid and dashed lines are  isolines of 

much of the surrounding area is scanned with each cloud. This effect is shown in the lower 

portion of the figure which represents the reflectance profiles of the cloud as it is 

progressively scanned by a radiometer making a pass across and through the middle of 

an infinitely long cloud band shown above. Below each reflectance pattern are  two sets 

of lines, a curve and a rectangular-shaped line. The smooth curve indicates the 

reflectance response of the radiometer as it cuts through the surrounding areas 

and across the cloud, the 'vertical bar fine-line depicts the reflectance of the cloud . 

when similarly scanned this time by a theoretically zero IFOV. Comparison of the 

curves show that smaller IFOV's tend to approximate better the "true" o r  ideal 

reflectance patterns of these cloud bands since the field of view gets to be more filled 
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with clouds. In this respect, the measured reflectance varies only with the ratio of the 

instantaneous field of view over the width of the cloud (IFOV/W). 

Figure 11 shows the maximum measured reflectance obtainable for single 

cloud bands of varying IFOV/W. 100% measured reflectance is attained when IFOV/W 

is at  most 0.67; that is, when the cloud band covers entirely the field of view. 

If it is desired, however, to find out the maximum percentage reflectance as 

measured by different IFOV's on various widths of cloud bands, Fig. 12  would show 

such relationship. For example, a 100% response on a 6-mile-wide cloud is achieved 

by an IFOV of at  m m t  4 n. m. O r  a 0.10 rnr IFOV would register about 57%, 94%, and 100% 

measured reflectance values for, respectively, a one-mile, two-mile, and three-mile- 

wide cloud band being scanned. 

When two cloud bands, each one mile wide, are  placed with various distances 

between them and scanned by a radiometer with an IFOV of, say, 1.67 n.m., the 

reflectance characteristics a re  those that appear in Fig. 13, As before, the stippled 

areas represent the cloud bands about which are  drawn isolines of reflectance 

a s  these twin cloud bands and surrounding area a re  scanned by a series of passes of the 

radiometer. 'Ihe lower portion shows the reflectance profile during one pass of the 

radiometer across and through the middle of an infinitely long twin-cloud band. The 

smooth curve indicates the measured reflectance integrated by the radiometer's sensor, 

the vertical bar. thin-line depicting measured reflectan'ce integrated by a theoretically 

zero IFOV. 

A glance at  the profiles of the two patterns would indicate that similar to 

radiance analysis, one method of detecting the existence of the bands could be achieved 

by defining twin cloud band OR or TBAR as 

where Rc is the measured reflectance integrated by the radiometer's sensor at the center 

of either cloud band and is the measured reflectance integrated by the radiometer's K, 
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sensor at  the midpoint between the two bands. 

It should be noted that the one-mile-wide cloud band example in Figs. 10 and 13 

were chosen purely for simplicity purposes. Since IFOV/W is a constant, then if 

it is desired instead to simulate a pattern for 4-mile-wide cloud bands, the configuration 

in Fig. 13 would remain the same if it were scanned by an IFOV of about 6.67 n. m. 

Fig. 14 shows the relationship between S/IFOV and IFOV/W. Isolines a re  

TBAR values in percent (%). Negative values would depict single "hump" appearance 

in the profile while positive values would indicate a measure of the degree of separation 

between the cloud bands by the presence of two "humps". At points near the origin the 

degree of reliability becomes less and values exceeding 100% are not encountered. 

As a consequence of Fig. 14, it becomes possible to determine the minimum 

distances that various twin-clouds should be separated in order to detect them as individual 

clouds when scanned by different IFOV's (see Fig. 15). If an IFOV of 0.10 m r  is used, 

then for a radiometer response that could indicate these clouds as individual bands, the 

separation between them should be a t  least three-fourths of a mile. At less than that 

distance, only one hump will show up. Furthermore, any twin cloud of more than 

three miles width can be detected as two clouds at the slightest distance they a re  

brought apart for this particular IFOV. 

Referring back to the example of the twin one-mile-wide cloud bands, it  might 

be interesting to find out the behavior of the TBAR'S for different IFOV's (see Fig. 16). 

This shows that the larger the IFOV, the farther the distance that is required to detect, 

and faintly at that, individual cloud bands (by following the 0% line). It can be seen that 

for an IFOV of 0.10 m r ,  TEAR 

clouds a re  separated. TEAR values will not exceed 100%. 

would not exceed 60% no matter how far the twin 

Finally, the upper portion of Fig. 17 illustrates a TEAR curve for twin clouds, 

each a mile wide as scanned by a radiometer with an IFOV of 1.67 n. m. Correspondingly, 

a t  the lower portion a re  plotted the curves w, and R, showing the relation TEAR = RC-Rrn. 
Negative values of TBAR indicate that no separation is possible. Detection of separation 

is noticed when TBAR is positive and this occurs when the cloud bands a re  at least 

one-half mile apart. The magnitude of TBAR would also indicate the distance of 
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separation between these cloud bands. 

6. Conclusions 

Based on the simplified models assumed in this report, it is found that smaller 

IFOV's can more readily and quite reliably detect cloud cells within the three-to- 

eight mile diameter range. However, the limitations imposed by the NEAT have 

necessitated enlarging the radiometer field of view somewhat. Contingent with 

desired meteorological requirements to detect relatively small-magnitude clouds on 

board future geostationary meteorological satellites, a 0.10 m r  (or 2.0 n. m. ) IFOV for 

the visible range and another in the order of 0.25 m r  (or 5 n.m.) IFOV for the infrared 

range appear reasonable. 

Analyses of equivalent blackbody temperatures on overshooting single o r  multiple 

circular cloud tops and reflectance on cloud bands have revealed basic and distinctive 

scan patterns. It is noticeable that a single pattern of concentric isotherms will result 

regardless as to whether the cloud is singular or  a four-cluster system provided they 

are  drawn very close together. A criteria for determining limits of distances in order 

to detect separation for twin clouds are presented; however, none has been attempted 

for the three-or four-cloud systems. 

Variations in the model clouds may be accomplished with minor changes in the 

computer program 
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Fig. 8. Simulated patterns of equivalent blackbody temperature or  TEB 

distances apart of clouds in a three-cloud-cluster when scanned by a 0.27 m r  IFOV. 

stippled areas represent the circular clouds each 4 miles in diameter and the distances 

between clouds a r e  assumed identical. 

relative to various 
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CLOUD DIAMETER=4 N.M. 

Fig. 9. Simulated patterns of equivalent hlackbody temperature or  TEs relative to various 

distances apart of clouds in a four-cloud-cluster when scanned by a 0.27 m r  IFOV. 

stippled areas represent the circular clouds each 4 miles in diameter and the distances between 

clouds a r e  assumed identical. 

The 
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